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A B S T R A C T   
This paper presents thermal deactivation of beech wood chars during secondary pyrolysis in a drop-tube reactor. 
Pyrolysis temperature was varied between 1000 °C and 1600 °C at a constant residence time of 200 ms. The 
effect of pyrolysis conditions on initial conversion rate R0 during gasification, graphitization of the carbon matrix 
and ash morphology was investigated. Gasification experiments for the determination of R0 were conducted in a 
thermogravimetric analyzer using pure CO2 at 750 °C and isothermal conditions. A linear decrease in initial 
conversion rate R0 was observed between 1000 °C and 1400 °C. However, a strong increase of R0 at 1600 °C was 
encountered. Micropore surface area of the secondary chars showed no correlation with the initial conversion 
rate R0 during gasification with CO2. Graphitization of the carbon matrix was determined using X-ray diffraction 
and Raman spectroscopy suggesting the growth of aromatic clusters and graphite-like structures for increasing 
pyrolysis temperatures up to 1600 °C. Furthermore, CaO dispersion was analyzed quantitatively and qualita-
tively using temperature-programmed reaction at 300 °C as well as SEM/TEM. CaO dispersion DCaO decreases 
steadily between 1000 °C and 1400 °C whereas a strong increase can be observed at 1600 °C, which is in good 
accordance with the development of the initial conversion rate R0 as a function of pyrolysis temperature. SEM/ 
TEM images indicate the formation of a thin CaO layer at 1600 °C that is presumably responsible for the strong 
increase in initial conversion rate R0 at this temperature. When excluding the catalytic activity of CaO via 
formation of the ratio R0 DCaO−1, increasing graphitization degree has a linear negative influence on char re-
activity at pyrolysis temperatures between 1000 °C and 1400 °C.   
1. Introduction 
The use of low-grade biogenic and fossil fuels in high-pressure en-
trained-flow gasification (EFG) allows for the production of high-quality 
synthesis gas, which can be converted into fuels and chemicals or used for 
power generation via integrated gasification combined cycle (IGCC) sys-
tems. In the near future, EFG will play an important role in satisfying the 
demand for basic chemicals and power [1,2]. In EFG, the fuel is converted 
via thermal and thermo-chemical processes i.e. drying and pyrolysis under 
high heating rates as well as the subsequent heterogeneous gasification 
reactions of the resulting char in a CO2- and H2O-rich atmosphere. For the 
achievement of high cold gas efficiencies, a complete char conversion is 
desired. Since the heterogeneous reactions are considered as the rate-lim-
iting step for complete fuel conversion, the knowledge of the gasification 
kinetics is essential for the design of entrained-flow gasifiers [3]. 
2. Literature review 
During the pyrolysis step in the flame zone of the entrained-flow 
gasifier, the char undergoes various changes concerning chemical and 
physical properties of both carbon matrix and inorganic ash compo-
nents. In this context, high temperatures and long residence times ty-
pically lead to a loss of reactivity in the subsequent gasification process. 
This effect is called thermal deactivation or “thermal annealing” and 
can be the consequence of thermal stress during pyrolysis and gasifi-
cation of fossil [4–9] or biomass-based solid fuels [10–12]. 
One reason for the loss of reactivity is the graphitization of the 
carbon matrix. Graphitization describes the process of increase and 
arrangement of graphene layers in carbonaceous materials [6]. This 
process is characterized by formation, growth and order of aromatic 
clusters and graphite crystals [8,9,13]. In raw solid fuels such as coal or 
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biomass, most of the carbon is available as turbostratic. Turbostratic 
carbon consists of graphene layers, which are disordered and non-
planar. If these layers are accompanied by other types of carbon bonds 
(e.g. sp2- or sp3-bonds) or even heteroatoms (e.g. H, O, N, S), the pre-
sent structure is titled as amorphous carbon [13,14]. 
During pyrolysis of solid biogenic fuels, cracking reactions occur 
and lead to condensation, polymerization and the formation of aro-
matic carbon clusters [12,15]. Below pyrolysis temperatures of 500 °C, 
ordered and/or turbostratic carbon is very low while basic structures 
are present predominantly. Between 800 °C and 1500 °C, nanocrystal-
line graphite grows and associates face-to-face in distorted columns. 
From 1600 °C to 2000 °C, these columns coalesce into distorted wrin-
kled layers. These layers stiffen and become flat above 2100 °C  
[8,9,16–18]. Many authors have proven that graphitization progresses 
at higher residence times at high temperatures resulting in a char with 
low reactivity towards combustion and gasification [14,19–22]. This is 
due to the fact, that the number of carbon atoms in an amorphous 
structure, at defect sites or at the edge of a graphene layer decreases 
with increasing graphitization. Carbon atoms located in these areas are 
more reactive than those inside an aromatic cluster [9]. Common 
methods for the experimental determination of a graphitization degree 
can be found in literature using X-ray diffraction (XRD) [13,14,23,24] 
and Raman spectroscopy [17,18,23,25,26]. 
Another aspect affecting char reactivity is the influence of in-
organic, ash-forming elements in the fuel [12,27–33]. Especially alkali  
[34–46] and alkaline earth metals [39–49] evoke an increase of char 
reactivity during gasification with CO2 and H2O. Struis et al. [44] in-
vestigated the catalytic activity of major metal species (Na, K, Ca, Mg, 
Zn, Pb, Cu) found with waste wood during the gasification of nitrate 
salt impregnated charcoal with CO2. Results indicated a superposition 
of structural changes in the charcoal micropore domain and catalyst- 
specific effects during gasification of the impregnated char samples. 
Gasification of the samples impregnated with alkali nitrate salts re-
sulted in a reaction rate maximum at a carbon conversion degree of 
XC = 0.5 – 0.7. The authors explained this maximum with an accu-
mulation of an oxidic alkali type catalyst (MxOy) being formed during 
the early gasification stage. Furthermore, alkaline earth nitrate salts 
exhibited a high catalytic activity during the early gasification stage. 
However, a decreasing reaction rate for the whole carbon conversion 
range was observed, likely due to sintering of the resulting alkaline 
earth metal oxide, as the authors presumed. In contrast, silicon and 
phosphorous may inhibit the gasification reaction by binding catalyti-
cally active compounds such as potassium [34,35,50]. 
An important parameter to evaluate the catalytic activity of ash 
forming elements is the dispersion on the char surface [31,51]. Cazorla- 
Amoros et al. [52] investigated the dispersion and sintering of Ca 
species on carbon samples during pyrolysis and gasification with CO2. 
They found a strong link between Ca dispersion and carbon-CO2 re-
activity and were able to deduce the following findings: first, a high 
heating rate during pyrolysis resulted in a high calcium dispersion. 
Second, Ca dispersion decreased with increasing carbon burn-off during 
gasification with CO2 suggesting a deactivation mechanism presumably 
due to sintering processes. Furthermore, results showed the enormous 
effect of chemical state of calcium (CaCO3 or CaO) on the sintering rate. 
It was observed that CaCO3 had a much higher mobility on the carbon 
surface than CaO because of the great difference in their Tammann 
temperatures (see Eq. (2)). 
The dispersion is normally used for the characterization of a catalyst 
in order to either determine the number of catalyst particles on a 
support material or the number of active sites in relation to the carrier 
mass or available surface area [53]. Depending on the experimental 
method, various definitions for the catalyst dispersion may be appro-
priate. Established methods for the determination of dispersion are e.g. 
chemisorption, XRD as well as scanning (SEM) and transmission (TEM) 
electron microscopes [51,53–56]. If chemisorption is used for the de-
termination of dispersion, it is convenient to define the dispersion as 
the number of active sites (species B) per mass or specific surface area 
of the carrier material (species A) in molB gA−1 or molB mA−2 [57,58]. 
In the frame of the present work, catalytic activity of ash forming 
elements is discussed based on an analogy with synthesized catalysts. 
Deactivation of synthesized catalysts may occur due to poisoning of 
active sites or a decrease in the catalytically active surface area hence a 
lower dispersion of catalytically active particles. If this lower dispersion 
is thermally driven, the decrease in catalytically active surface area can 
be attributed to sintering processes [51,53]. For sintering processes and 
particle migration, three temperatures are relevant: melting tempera-
ture Tmelt, Hüttig temperature THü and Tammann temperature TTa. 
Detachment and migration of metal atoms are enabled starting at 
Hüttig temperature THü. Reaching Tammann temperature TTa, entire 
particle migration over the support surface, accompanied by particle 
collision and coalescence may occur [51,59]. Following estimations for 
these two temperatures can be found in the literature [51,52]: 
=T T0.3Hü melt (1)  
=T T0.5Ta melt (2)  
Recent studies concerning thermal deactivation of biomass chars 
during pyrolysis mainly focus on the change of carbonaceous structures. 
Guizani et al. [60] investigated the influence of entrained flow pyrolysis 
conditions on biomass char properties. Temperatures of 500 °C–1400 °C 
were applied. Morphology of the resulting chars was highly modified at 
high temperature with loss of the initial wood cell structure, sintering 
and macropore formation. Char reactivity determined by oxidation 
with O2 decreased significantly with increasing pyrolysis temperature. 
Furthermore, Raman analyses showed that the carbonaceous structures 
ordered with increasing temperature. The authors developed several 
correlations between char reactivity and the oxygen-to-carbon-ratio as 
well as parameters deduced from Raman spectroscopy i.e. total Raman 
area and intensity ratio IV/ID. In 2019, Guizani et al. [25] developed the 
heat treatment severity index (HTSI) taking into account reactor tem-
perature and residence time of a biomass particle during pyrolysis 
under entrained-flow conditions. Again, several correlations between 
the HTSI and physicochemical char properties were formed. Senneca 
et al. [26] investigated coal and biomass pyrolysis in N2 and CO2 at-
mosphere. They reported a remarkable degree of structural order being 
developed by the biomass chars upon severe heat treatment. This 
structural order was determined by Raman spectroscopy. 
Other authors also couple the change in ash composition, formation 
and sintering of ash particles to thermal deactivation processes of bio-
mass chars during pyrolysis. Trubetskaya et al. [24] pyrolyzed wheat 
straw and rice husk in an entrained-flow reactor at high temperatures 
and heating rates and investigated the effect of inorganic matter on char 
morphology. They reported that the silicon compounds were dispersed 
throughout the turbostratic structure of rice husk char in an amorphous 
phase with a low melting temperature leading to the formation of a 
glassy shell covering the carbonaceous char matrix and preserving the 
char particle shape and size. However, the effect of the silicon oxides on 
char reactivity with respect to oxidation in O2 was less pronounced. 
Strandberg et al. [61] found that during pyrolysis of wheat straw, which 
is rich in Si and K, a molten ash layer is encapsulating the char. During 
the subsequent gasification process, this ash layer inhibits the gasifi-
cation reaction and forms a diffusion barrier preventing carbon oxida-
tion. 
The objective of this study is to investigate the thermal deactivation 
of beech wood char during pyrolysis in a drop-tube reactor under high 
heating rates. The vast majority of previous research work focuses on 
the increasing graphitization during pyrolysis of solid fuels in order to 
explain thermal deactivation of the char produced. Only few publica-
tions investigate the dispersion of catalytically active ash components 
of chars at very high pyrolysis temperatures and its influence on the 
subsequent gasification reaction. This work aims to estimate the influ-
ence of both graphitization and inorganic dispersion on thermal 
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deactivation. Especially, it presents the dispersion of calcium species on 
the biomass char surface for pyrolysis temperatures up to 1600 °C 
where literature data is very limited. Thermal deactivation was quan-
tified by gasification experiments with CO2 in a thermogravimetric 
analyzer. Furthermore, graphitization was determined using XRD and 
Raman spectroscopy while inorganic dispersion was investigated using 
chemisorption, SEM and TEM. 
3. Materials and methods 
3.1. Fuel 
Commercially available primary char (Holzkohleverarbeitung 
Schütte GmbH & Co. KG) was purchased and used as precursor since the 
same char is utilized in the bioliq ® EFG for research operation. It is 
produced under mild conditions at an estimated pyrolysis temperature 
of 500 °C to 600 °C. Table 1 shows the proximate and ultimate analysis 
of the primary char. It still contains approx. 12 wt% of volatiles and 
consists of 1.8 wt% ash and 85.5 wt% fixed carbon. Furthermore, the 
organic components consist of approx. 90 wt% carbon, 3 wt% hydrogen 
and 7 wt% oxygen (by difference). For secondary pyrolysis in the drop- 
tube reactor, the primary char was sieved to a particle fraction of 
50–150 µm. 
3.2. Drop-tube reactor 
The drop-tube reactor (DTR) consists of an oven (HTM Reetz GmbH) 
with three heating zones (lH1 = 200 mm, lH2 = 917 mm, 
lH3 = 200 mm) and a total length of 2000 mm. Each heating zone can 
be heated to a maximum temperature of 1700 °C. An alumina oxide 
reaction tube (Aliaxis Deutschland GmbH) with a length of 2100 mm 
and the inner diameter of 20 mm is inserted vertically in the oven. The 
temperature calibration was conducted with a type B thermocouple, 
which was introduced into the reactor from the top under steady-state 
gas flow. Gas temperature profiles for the pyrolysis experiments can be 
found in the supplementary material section. A coaxial alumina oxide 
pipe (length 810 mm, inner diameter 4 mm) was used to feed argon 
(tracer and carrier gas) and the primary char into the reactor. The 
feeding system consists of a slowly rotating ceramic disc (Pure Feed DP- 
4, Schenck Process Europe GmbH) enabling stable solid mass flow rates 
of approx. 1 g min−1. The primary char was mixed with the reaction 
gas at the beginning of the second heating zone. For the experiments 
presented in this work, gas velocity in the reactor was adjusted in order 
to ensure a gas-phase residence time in the isothermal zone of 200 ms 
using N2 as core flow. N2 volume flow was varied between 11.85 l 
min−1 and 17.44 l min−1 while Ar flow was varied between 0.52 l 
min−1 and 0.76 l min−1 leading to an N2/Ar ratio of approx. 23. Ar 
flow was adjusted in order to ensure similar gas velocities inside the 
dosing and the reactor tube. At the outlet of the reactor, the hot reaction 
gas and secondary char were cooled by an inert gas quench to tem-
peratures below 400 °C. Subsequently, the char samples were separated 
in a hot gas cyclone and collected in a nitrogen-flushed lock for further 
analyses. The reactor pressure was controlled by two electrically 
controlled valves and set to 5 mbar gauge. Product gas was con-
tinuously monitored with infrared photometry (URAS, ABB) and micro 
gas chromatography (490 Micro GC, Agilent Technologies). Further 
information concerning the drop-tube reactor and the operating con-
ditions can be found in literature [62,63]. Before each pyrolysis ex-
periment, the primary char was dried for at least 12 h at 105 °C. In 
order to remove oxygen from the char surface, the fuel was set under 
vacuum and flushed with nitrogen five times. For secondary pyrolysis 
experiments, temperatures in the isothermal zone of the reactor were 
varied between 1000 °C and 1600 °C. All experiments and analyses 
were carried out at Engler-Bunte-Institute (EBI ceb), Karlsruhe Institute 
of Technology (KIT) if not denoted specifically. 
3.3. Chemical analyses 
Proximate analysis for the determination of moisture, volatiles and 
ash was conducted in accordance with DIN 51718, DIN 51719 and DIN 
51720. Ultimate analysis for the determination of C/H/N/S was carried 
out in a vario Macro Cube (elementar) according to DIN 15104. 
Elemental composition of ash was analyzed by inductively coupled 
plasma optical emission spectrometry (ICP-OES) at the Institute for 
Applied Materials - Applied Materials Physics (IAM-AWP, KIT). Prior to 
ICP-OES, the char samples were incinerated at 815 °C followed by acid 
pressure digestion in a DAB-2 pressure vessel (Berghof) using a mixture 
of HNO3, HCl and HF at 350 °C for 12 h. The hydrofluoric acid is later 
complexed with H3BO3 at 180 °C for 2 h. 
3.4. Determination of initial conversion rate R0 
Determination of initial conversion rate R0 of the char samples with 
CO2 was carried out in a thermogravimetric analyzer (pTGA, 
Rubotherm GmbH). The pTGA consists of a magnetic suspension bal-
ance that allows for continuous recording of the sample mass with an 
accuracy of  ±  10 µg. In the gasification experiments, a total gas flow 
of 100 ml min−1 was set. A sample mass of approx. 2  ±  0.1 mg was 
placed in a ceramic crucible (inner diameter 16 mm, height of wall 
10 mm). After evacuating the pressure vessel to ensure an oxygen-free 
atmosphere, the reaction chamber was purged with argon. The fuel 
samples were heated up at a constant heating rate of 20 °C min−1 to the 
reaction temperature of 750 °C followed by 20 min holding time to 
ensure stable conditions. The samples were then gasified in 100% CO2 
at atmospheric pressure until the complete conversion of the fuel was 
reached. 
Char conversion X(t) was determined using the discrete mass signals 
m(t), the initial mass m0 and the remaining mass of ash mash: 
=X t m m t
m m
( ) ( )0










1 ( )m ash (4)  
Rm is the specific conversion rate and can be calculated as presented 
in Eq. (4). Furthermore, RX is defined as the conversion rate described 
by a rate coefficient R(T,p) and a structural term F(X): 
= =R dX
dt
R T p F X( , ) ( )X (5)  
In the frame of this work, the Uniform Conversion Model (UCM) was 
used to model the char conversion process resulting in a structural term 
of F(X) = 1 – X. Thus, the following expression is obtained: 
= =R dX
dt






0 (7)  
R0 is defined as the initial conversion rate, which was determined by 
Table 1 
Properties of primary char.    
Proximate analysis/wt%, ad 
Moisture 0.9 
Ash content 1.8 
Volatiles 11.8 
Fixed carbon 85.5  
Ultimate analysis/wt%, daf 
C 89.8 
H 2.6 
O (diff) 7.2 
N 0.4 
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a least-square fit in the char conversion range between 20% and 50%. 
This range was chosen in order to minimize the effects of gas exchange 
in the pTGA at the start of each experiment. Furthermore, the char 
properties for higher conversion degrees may have changed and were 
not characterized anymore. Gasification experiments were repeated 
three times. 
3.5. Micropore surface area 
Micropore surface area of the char samples was determined in a 
physisorption analyzer (ASAP 2020, Micromeritics) using CO2 at 0 °C. 
For each adsorption experiment, relative pressure ranges from 1.10−5 
to 0.035 were applied. Prior to adsorption, the char samples were he-
ated to 180 °C for 12 h. Data evaluation was carried out based on the 
Dubinin-Radushkevich method (DR) for micropores in activated 
carbon. 
3.6. Graphitization 
X-ray diffraction (XRD) was carried out at Luleå University of 
Technology using an Empyrean (Malvern Panalytical) diffractometer. 
Char samples were placed in an alumina sample holder and analyzed in 
a range of 10° ≤ 2θ ≤ 90°, a step size of 0.0065652° and a step 
duration time of 99.45 s. The chosen step size enables the detection of 
graphite, carbon nanocrystals and amorphous carbon. Furthermore, 
inorganic species like crystalline calcium carbonate were visible. Cu Kα 
radiation (λ = 1.542 Å) was used as an X-ray source. 
XRD analysis was conducted using the full-width at half maximum 
(FWHM) of the characteristic carbon peaks at approx. 2θ = 24° and 
2θ = 44°. The first maximum (23° − 24°) can be attributed to the 
(002)-Peak, the second (44°) to the (100)-Peak. The (002)-Peak re-
presents the reflection at stacked graphene layers whereas the (100)- 
Peak originates from reflection at aromatic ring structures within the 
graphene layers. Furthermore, narrow peaks represent crystalline 
structures [19,64,65]. 
Scherrer equation (Eq. (8)) allows for the quantification of graphi-






i i (8) 
Here, Li stands for calculated sizes of the nanosized carbon crystals and 
can be determined using the ratio of X-ray wavelength λ and a struc-
tural constant Ki divided by the value for FWHM Bi and the cosine of the 
reflection angle θi. The indices a and c indicate two different sizes of the 
nanosized carbon crystals: La describes the radial expansion of the 
carbon crystal ((100)-Peak) while Lc stands for the stacking height of 
the graphene layers ((002)-Peak). Values for the structural constants 
Ka = 1.84 and Kc = 0.89 are taken from literature  
[14,20,22,23,64,65]. As a measure for increasing graphitization, the 
ratio La La,0−1 was formed. Here, La,0 describes the radial expansion of 
nanosized carbon crystals of the primary char. 
The distance between two graphene layers d is calculated using 
Bragg equation for n = 1: 
=d n2 sin( )c (9)  
Raman spectroscopy was carried out at Luleå University of 
Technology using a Senterra II (Bruker) microscope. 30 measurements 
(co-additions) at 3 s were conducted per char particle with green laser 
(λLaser = 532 nm) and low power of 0.2 mW in order to minimize 
structural changes in the carbon matrix. Three different particles per 
char sample were analyzed using this approach. During Raman mea-
surements, two intensity maxima were encountered at Raman shifts of 
approx. 1355 cm−1 and 1575 cm−1 representing the D- and the G-Peak, 
respectively. While the G-Peak originates from the vibration within 
aromatic clusters of nanosized carbon crystals, the D-Peak can be at-
tributed to defects in the graphite crystal or boundary areas of graphene 
layers [17,18,66]. Furthermore, a valley peak (V-Peak) is located be-
tween D- and G-Peak, which can be traced back to amorphous, sp2- 
hybridized carbon [13,26,67]. The evaluation of Raman spectra was 
carried out using the intensity ratios of D- and G-Peak (ID/IG) as well as 
V-and D-Peak (IV/ID). Beforehand, the intensities were normalized to 
the maximum intensity of the G-Peak. 
3.7. Ash dispersion 
Quantification of ash dispersion was carried out in the pTGA (see 
chapter 3.4) using temperature-programmed reaction (TPR). In the 
frame of this work, ash dispersion is determined by chemisorption of 
CO2 on CaO at 300 °C, as the element Ca is most abundant in the ash of 
the char samples and known to catalyze the gasification reaction (see 
chapter 2). At 300 °C, CO2 reacts with CaO atoms at the surface of ash 
particles forming CaCO3. Increasing the temperature would lead to a 
carbonization of bulk CaO due to diffusion of CO2 into the ash particle  
[58]. Thus, chemisorption of CO2 at 300 °C can be used to determine 
the outer surface of CaO particles in the biomass ash giving a value for 
the dispersion of CaO particles. This approach is based on the as-
sumption that no other compound in the ash interacts with CO2 at this 
temperature. 
In each TPR experiment, 30  ±  0.1 mg of char sample and a CO2 
volume flow of 100 ml min−1 was used. Prior to the chemisorption 
segment, the pTGA was evacuated and backfilled with Argon. 
Subsequently, the sample was heated to 850 °C in order desorb gases 
and decompose any CaCO3 if present. Melting, Hüttig and Tamman 
temperature of CaO are shown in Table 2. In the following segment, the 
sample was cooled to 300 °C and stabilized in Argon. Chemisorption 
started switching the gas atmosphere from pure Argon to a mixture of 
90 vol-% Ar and 10 vol-% CO2 and lasted for 300 min. 
The chemisorbed mass of CO2 was calculated as difference between 
the mass signals after and before the chemisorption segment (average 
values of the last 30 mass signals of stabilizing segment mStab and 
chemisorption segment mChem, Eq. (10)). Assuming an equimolar stoi-
chiometry for the reaction of surface CaO with CO2, the molar amount 
of surface CaO can be directly calculated (Eq. (11)). The dispersion DCaO 
of surface CaO is then based on the weighed out amount of char mChar in 
molsurface-CaO gchar−1 (Eq. (12)). 













char (12)  
Scanning electron microscope (SEM) images were taken at 
Laboratory for Electron Microscopy (LEM, KIT) using a LEO 1530 
(Zeiss) with an accelerating voltage of U = 5 keV. Prior to SEM ana-
lysis, the char sample was positioned on a conductive adhesive tape and 
coated with a 5 nm layer of platinum (Leica EM ACE600). Four different 
magnifications (400x, 4000x, 20 000x and 100 000x) were used for 
each char sample. 
Transmission electron microscopy (TEM) was also conducted at 
LEM (KIT) using a FEI Osiris ChemiSTEM microscope coupled with 
Quantax system (Bruker) as energy dispersive X-ray (EDX) detector and 
an accelerating voltage of U = 200 keV. The char samples were 
Table 2 
Melting, Hüttig and Tammann temperature of CaO.      
Material Tmelt THü TTa  
°C °C °C  
CaO 2613 [68] 784 1307 
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dispersed in ethanol and the droplets placed on copper wire with a 
mesh size of 400 µm. 
4. Results and discussion 
4.1. Chemical analyses 
Fig. 1 shows the chemical composition of primary and secondary 
chars as a function of pyrolysis temperature. The primary char contains 
approx. 90 wt% carbon. A steady increase of carbon from 90 wt% to 
99 wt% and steady decrease of oxygen from 7.2 wt% to almost zero at 
1600 °C can be observed. At 1600 °C, the char consists almost of pure 
carbon. Nitrogen remains constant at a low level while hydrogen de-
creases from 2.5 wt% to approx. 0 wt% at 1200 °C. 
Table 3 shows the ash elemental analysis of primary and secondary 
chars determined using ICP-OES. As can be seen from the table, the 
main ash component of this beech wood char is calcium. The calcium 
content remains almost constant at approx. 39 wt% with increasing 
pyrolysis temperature. A slight decrease of approx. 4 wt% at 1400 °C 
can be observed. Potassium halves at 1000 °C and 1200 °C and increases 
to approx. 5 wt% at 1400 °C and 1600 °C. Magnesium decreases from 
1400 °C being only 1 wt% at 1600 °C. Silicon is between 2 and 3 wt% 
while phosphorous remains almost constant during secondary pyrolysis 
(P content of primary char was not determined). K/Si ratios range from 
0.83 to 2.30 while K/(Si + P) ratios range from 0.51 to 1.29 being very 
low in total (not shown in table 3). Thus, deactivation of K by Si and P 
can be assumed [34,69]. 
4.2. Determination of initial conversion rate R0 
Gasification experiments of the char samples with CO2 at 750 °C in a 
pTGA are discussed in this chapter. Fig. 2 shows the conversion curves 
during gasification for the primary beech wood char as well as the 
secondary chars with different pyrolysis history. As can be seen from  
Fig. 2 A, the primary char was completely gasified within 100 min. 
Samples pyrolyzed at 1000 °C and 1600 °C were gasified after approx. 
150 min (see Fig. 2 B & D). The longest conversion time with approx. 
200 min is observed for the sample pyrolyzed at 1400 °C (see Fig. 2 C). 
The different pyrolysis conditions also affect the shape of the conver-
sion curves (see Fig. 2, orange curves are approximated with 6th-degree 
polynomial method except Fig. 2 C). In particular, the different shapes 
of the conversion curves become striking for the sample 
P1400C_200ms. Here, a constant conversion rate between 20% and 
80% conversion degree can be observed. Therefore, the conversion rate 
dX
dt
was set constant in order to make the calculated initial conversion 
rate R0 comparable to the other samples. 
Fig. 1. Chemical composition of primary and secondary chars as a function of pyrolysis temperature. Secondary pyrolysis was carried out in a DTR applying N2 
atmosphere and 200 ms residence time. 
Table 3 
Ash elemental analysis of primary and secondary chars.        
Element Primary char P1000C_200ms P1200C_200ms P1400C_200ms P1600C_200ms  
wt% 
Ca 38.20 39.00 39.50 35.30 39.10 
K 4.62 2.54 2.61 5.48 5.05 
Mg 6.03 7.13 7.08 5.8 1.03 
Si 2.01 3.05 2.97 2.51 2.45 
P n. a. 1.95 1.99 1.73 1.52 
Na 0.82 0.76 0.76 0.96 0.84 
Fe 0.74 1.05 0.82 0.84 0.83 
Al 0.25 0.34 0.29 0.28 0.31 
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From the fitted conversion curves in Fig. 2 (orange), the conversion 
rates dX
dt
were calculated (see Fig. 3). As stated above, the conversion 
rate of P1400C_200ms is set to be constant in the conversion range 
considered. All other samples show a decreasing conversion rate for 
higher conversion degrees which may be an indication of a calcium 
catalyzed gasification reaction [44,70]. 
Fig. 4 shows the initial conversion rate R0 during gasification of 
different beech wood chars with CO2 as a function of pyrolysis tem-
perature. The primary char has the highest initial conversion rate R0 
among the chars investigated. Due to thermal deactivation during 
secondary pyrolysis, the initial conversion rates decrease between 
1000 °C and 1400 °C almost linearly. However, a strong increase in the 
initial conversion rate at 1600 °C is observed that cannot be explained 
by thermal deactivation due to graphitization of the carbon matrix. 
Thus, other effects also influence the initial conversation rate of gasi-
fication with CO2. 
4.3. Micropore surface area 
Micropore surface area determined via physisorption of CO2 at 0 °C 
using Dubinin-Radushkevich is depicted in Fig. 5. The primary char 
shows a micropore surface area of approx. 395 m2 g−1. A slight increase 
at pyrolysis temperatures of 1000 °C and 1200 °C is observed. Due to 
devolatilization at high heating rates during pyrolysis, micropore sur-
face area is generated additionally. Increasing the pyrolysis 
Fig. 2. Measured and fitted conversion curves during gasification in CO2 for beech wood chars with different secondary pyrolysis history (pTGA, 750 °C, atmospheric 
pressure, 100% CO2). 
Fig. 3. Calculated conversion rates during gasification of different beech wood 
chars with CO2 in pTGA (750 °C, atmospheric pressure, 100% CO2). 
C. Schneider, et al.   Fuel 283 (2021) 118826
6
temperature leads to an even higher micropore surface area at 1400 °C 
which may be attributed not only to devolatilization especially at high 
heating rates but also secondary reactions of the pyrolysis products 
with the char i.e. Boudouard reaction of released CO2 with carbon 
forming carbon monoxide. This hypothesis was further supported by 
complementary gas-phase measurements showing no CO2 in the off-gas 
starting at pyrolysis temperatures of 1400 °C and higher. At 1600 °C, 
micropore surface area collapses to approx. 126 m2 g−1 which may be 
explained by ash fusion since melting of mineral matter could change 
the micropore structure and lead to a blocking of micropores [71,72]. 
This hypothesis is also supported by SEM/TEM images that show the 
formation of a thin ash layer on the char surface at 1600 °C (see chapter 
4.5). Furthermore, no correlation between initial conversion rate and 
evolution of micropore surface area can be deduced. 
4.4. Graphitization 
XRD spectra of primary and secondary chars are depicted in Fig. 6. The 
intensity maxima for all samples are encountered at reflection angles 2θ of 
23°–24° and 44°. The first maximum (23°–24°) can be attributed to the 
(002)-Peak, the second (44°) to the (100)-Peak (see chapter 3.6). The 
(002)-Peak represents the reflection from stacked graphene layers whereas 
the (100)-Peak originates from reflection from aromatic ring structures 
within the graphene layers. Furthermore, narrow peaks represent highly 
crystalline structures [19,20,22,23,64,65]. Both peaks grow with increasing 
pyrolysis temperature. In particular, the (100)-Peak becomes more pro-
minent for the secondary chars compared to primary char. Thus, the radial 
growth of graphene layers with increasing pyrolysis temperature is shown. 
From the evolution of the (002)-Peak, it can be concluded that the primary 
char already contains structured carbon to a certain degree. However, the 
amount of nanocrystals consisting of aromatic ring structures increases with 
increasing pyrolysis temperature. Another narrow peak can be observed for 
the primary char at approx. 29°. This peak is characteristic for crystalline 
calcium carbonate that is still present in the primary char [23]. During 
secondary pyrolysis, which is carried out above the decomposition tem-
perature of calcium carbonate (700 – 825 °C), the calcium carbonate is 
decomposed. 
Quantitative evaluation of the (002)- and (100)-Peak is carried out 
using Bragg’s Law (n = 1) and Scherrer-Equation in order to calculate 
the mean distance between graphene layers d, stacking height Lc and 
radial expansion La (see chapter 3.6). Radial expansion La increases 
significantly with increasing pyrolysis temperature while distance d and 
stacking height Lc remain almost constant (see Fig. 7). By forming the 
ratio of Lc and d, the number of graphene planes per stack unit can be 
calculated. The stack units consist of 4 planes, each plane with a dis-
tance of d = 3.87  ±  0,03 Å apart. This value is – as expected – higher 
than the plane distance for pure graphite (dgraphite = 3.354 Å) [73]. 
Pure graphite is obtained at temperatures higher than 2100 °C [8,9]. 
To sum up the results of XRD analysis, the radii of parallel arranged 
aromatic ring structures increase with increasing secondary pyrolysis 
temperature. Furthermore, the order of stacks and stack height were 
found to be constant. An increase of both order of stacks and stack 
height would only be expected for temperatures higher than 1600 °C  
[9]. 
Raman spectroscopy results are depicted in Fig. 8 and com-
plementary to XRD findings as they indicate the existence of aromatic 
clusters. All spectra show peaks at 1355 cm−1 (D-Peak) and 1575 cm−1 
(G-Peak). The intensity of the D-Peak of secondary chars increases with 
increasing pyrolysis temperature indicating the growth of aromatic 
clusters and graphite crystals [17,66]. Moreover, the D-Peak of the 
primary char consists of two shoulders. The first shoulder at approx. 
1200 cm−1 originates from non-crystallite, sp3-hybridized carbon 
structures. The shape of the D-Peak becomes narrower with increasing 
pyrolysis temperature. The narrowing suggests a growing order of the 
carbon matrix during pyrolysis since non-crystallite carbon is released 
as volatiles or condensates/polymerizes into larger molecules such as 
aromatic clusters [12,74]. Ratios of intensity maxima ID/IG and IV/ID 
are shown in Fig. 9 as a function of pyrolysis temperature. Again, an 
increase in D-Peak intensity can be observed compared to the G-Peak 
and the Valley for temperatures up to 1400 °C. Furthermore, a stag-
nation of both ratios between 1400 °C and 1600 °C can be seen. 
In summary, Raman spectra are complementary to the XRD results 
indicating the growth of aromatic clusters and graphite crystals in 
biomass char due to thermal stress during secondary pyrolysis. 
4.5. Ash dispersion 
Dispersion of CaO was determined by TPR with CO2 in a pTGA at 
300 °C (see chapter 3.7). TPR experiments of the primary char were not 
carried out since the method applied would have changed the char’s 
initial ash morphology and composition. From XRD results, it is known 
that the primary char still contains crystalline CaCO3, which would 
have been decomposed to CaO in the heating segment prior to TPR. 
Concerning the secondary chars, CaO dispersion decreases steadily 
from 1000 °C to 1400 °C (see Fig. 10), which is in accordance with the 
development of initial conversion rate as a function of pyrolysis tem-
perature. The decrease may be explained by sintering of CaO particles 
upon heat treatment. The size distribution of ash nanoparticles is de-
picted in Fig. 14. A strong increase of CaO dispersion at 1600 °C 
Fig. 4. Initial conversion rate R0 during gasification of different beech wood 
chars with CO2 in pTGA (750 °C, atmospheric pressure, 100% CO2) as a func-
tion pyrolysis temperature. 
Fig. 5. Micropore surface area via physisorption of CO2 at 0 °C using Dubinin- 
Radushkevich as a function of pyrolysis temperature. 
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correlating with increasing initial conversion rate at 1600 °C can be 
observed. This increase may be traced back to the formation of a thin 
CaO film on the char surface, which can be seen from SEM/TEM images 
in Figs. 11–13. The film connects catalytically active ash components to 
a multitude of carbon atoms on the char surface resulting in an in-
creased initial conversion rate during gasification with CO2 at 750 °C. 
For qualitative evaluation of ash transformation upon heat treat-
ment, SEM images with 20,000× and 100,000× magnification were 
taken. Fig. 11 shows SEM images of the primary and secondary chars 
with 20,000× magnification. The visible ash nanoparticles of primary 
char and P1000C_200ms are very similar. Larger particles are up to 
1 µm and clearly distinguishable from the carbon underground. At 
1400 °C, droplet-like nanoparticles have formed. However, the large 
ash particles of approx. 1 µm are still present. The transition between 
char surface and ash nanoparticles becomes more and more fluent with 
increasing temperature. For the sample P1600C_200ms, no distinction 
between char surface and ash nanoparticles can be made anymore 
suggesting the formation of a thin ash film on the carbon surface.  
Fig. 12 shows SEM images of two secondary char samples i.e. 
P1400C_200 ms and P1600C_200ms with 100,000× magnification. Ash 
nanoparticles of P1600C_200 ms are larger than those of 
P1400C_200ms. As can be seen from Fig. 14, sintering of ash nano-
particles occurs at higher temperatures. Furthermore, a droplet-like 
shape of ash particles becomes apparent for P1400C_200ms while for 
P1600C_200ms, a sharp boundary between carbon surface and ash 
particles cannot be drawn anymore. SEM images have shown that 
pyrolysis temperature has an immense impact on ash particle mor-
phology and dispersion. 
Complementary to SEM images, TEM analyses were carried out (see  
Fig. 13). TEM analyses were coupled with EDX in order to visualize the 
elements calcium (red) potassium (blue) and silicon (yellow) that are 
most abundant in the chars investigated. In Fig. 13, the TEM images of 
secondary char samples P1400C_200ms and P1600C_200ms are shown. 
Ca compounds undergo massive transformation due to heat treatment: 
On the one hand, sintering of nanoparticles takes place (see Fig. 14). On 
the other hand, Ca is again highly dispersed at a pyrolysis temperature 
of 1600 °C forming a catalytically active thin film on the carbon surface. 
Furthermore, all samples were found to have highly dispersed po-
tassium and silicon compounds combined with oxygen irrespective of 
heat treatment. A fine dispersion of K and Si during pyrolysis supports 
Fig. 6. XRD spectra of primary and secondary chars.  
Fig. 7. Radial expansion La, stacking height Lc and distance between graphene 
layers d as a function of pyrolysis temperature. 
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the assumption that due to a low K/Si ratio, K may be deactivated by 
bonds to Si. 
The average sizes of ash nanoparticles as a function of pyrolysis 
temperature is depicted in Fig. 14. For the evaluation of average par-
ticle size, between 650 and 900 particles were analyzed that were larger 
than 5 nm. The presence of an ash film was not taken into account for 
Fig. 8. Raman spectra of primary and secondary chars.  
Fig. 9. Ratios of intensity maxima ID/IG and IV/ID as a function of pyrolysis 
temperature. 
Fig. 10. CaO dispersion of secondary chars determined by TPR in a pTGA with 
CO2 at 300 °C as a function of pyrolysis temperature. 
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this analysis. Average particle size slightly decreases from primary char 
to P1000C_200ms. Taking into account the large standard deviation of 
the analysis, it can be assumed that the ash nanoparticles on both 
samples may have almost the same size. Increasing the pyrolysis tem-
perature from 1000 °C to 1400 °C leads to an increase in average par-
ticle size from approx. 10 nm to 18 nm. This is in good accordance with 
the Tammann temperature TTa = 1307 °C where mobility of CaO 
particles increases significantly. The largest ash particles were obtained 
at 1600 °C with an average size of approx. 32 nm. Sintering of ash 
particles during pyrolysis was proven quantitatively by the particle size 
analysis as well as qualitatively observed via SEM images beforehand. 
However, increasing particle sizes do not necessarily have to involve a 
decrease in initial conversion rate R0 of the gasification reaction with 
CO2 as it can be seen for the char sample P1600C_200ms having the 
highest value for R0 among the secondary chars. 
To sum up, TEM-EDX images allowed for the identification of highly 
Fig. 11. SEM images of primary and secondary chars with 20,000× magnification.  
Fig. 12. SEM images of two secondary chars (P1400C_200ms and P1600C_200ms) with 100,000× magnification.  
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dispersed Ca compounds at a pyrolysis temperature of 1600 °C. Even 
the formation of a CaO film or thin layer can be deduced from SEM and 
TEM images. The high initial conversion rate R0 of P1600C_200ms can 
be attributed to this thin layer of CaO. Due to the ash layer, a large 
contact area between both gas phase and catalyst as well as catalyst and 
carbon support is generated. The fact that a uniform thin layer of ash 
particles on the carbon matrix catalyzes the gasification reaction with 
CO2 supports the catalysis mechanisms described by Lobo & 
Carabineiro [30] and Cazorla-Amoros et al. [57] where the diffusion of 
a gaseous reactant through the catalyst layer plays a significant role. 
Furthermore, the shape of the conversion curves and conversion 
rates depicted in Figs. 2 and 3 can be explained by the presence of 
Fig. 13. TEM-EDX images of two secondary chars (P1400C_200ms (A) and P1600C_200ms (B)) visualizing the elements Ca (red), K (blue) and Si (yellow).  
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catalytic gasification induced by Ca. During calcium catalyzed gasifi-
cation, the conversion rate decreases due to thermal deactivation pro-
cesses of calcium particles which are mainly sintering [52]. This phe-
nomenon can be observed for all samples except P1400C_200ms. From 
the constant conversion rate dX
dt
of P1400C_200ms can be deduced that 
the gasification of this sample is not or only to a small extent influenced 
by catalytic reactions. From both, long gasification time and linear 
shape of the conversion curve, it can be concluded that the uncatalyzed 
carbon gasification is the dominant reaction for the sample P1400C_ms  
[44,70]. 
4.6. Influence of graphitization and ash dispersion on initial conversion rate 
R0 
In order to clarify the influence of graphitization on initial conver-
sion rate R0 of gasification with CO2, the ratio of R0 and CaO dispersion 
DCaO is formed for pyrolysis temperatures between 1000 °C and 
1400 °C. In Fig. 15, the ratio R0 DCaO−1 is shown as a function of 
graphitization degree which is defined as the ratio of La La,0−1. In this 
temperature range, which is later referred to as regime 1 (see Fig. 16), it 
can be seen that graphitization does have an impact on the initial 
conversion rate. The ratio R0 DCaO−1 decreases linearly with increasing 
graphitization and consequently, with increasing pyrolysis temperature 
up to 1400 °C. Thus, when excluding the catalytic activity of CaO via 
formation of the ratio R0 DCaO−1, increasing graphitization degree has a 
linear negative influence on char reactivity. However, both influences 
must be taken into account when investigating thermal deactivation 
due to thermal stress during high-temperature pyrolysis. 
5. Summary and conclusions 
Thermal deactivation of beech wood chars during secondary pyr-
olysis in a drop-tube reactor is presented. The effect of pyrolysis con-
ditions on initial conversion rate R0 during gasification, graphitization 
and ash dispersion was investigated. Gasification experiments for the 
determination of R0 were conducted in a thermogravimetric analyzer 
using CO2 at 750 °C. A linear decrease in the initial conversion rate 
between 1000 °C and 1400 °C was observed. However, a strong increase 
of R0 at 1600 °C was encountered. Micropore surface area of the sec-
ondary chars showed no correlation with the initial conversion rate 
during gasification with CO2. Graphitization of the carbon matrix was 
determined using X-ray diffraction and Raman spectroscopy suggesting 
the growth of aromatic clusters and graphite crystals for increasing 
pyrolysis temperatures. Furthermore, CaO dispersion was analyzed 
quantitatively and qualitatively using TPR at 300 °C as well as SEM/ 
TEM. CaO dispersion DCaO decreases steadily between 1000 °C and 
1400 °C whereas a strong increase can be observed at 1600 °C which is 
in good accordance with the development of the initial conversion rate 
R0 as a function of pyrolysis temperature. SEM/TEM images indicate 
the formation of a thin CaO layer at 1600 °C which is presumably re-
sponsible for the strong increase in initial conversion rate R0 at this 
temperature. When excluding the catalytic activity of CaO via forma-
tion of the ratio R0 DCaO−1, increasing graphitization degree has a 
linear negative influence on char reactivity between 1000 °C and 
1400 °C pyrolysis temperature. 
Fig. 16 shows the most important experimental results of the present 
work summed up in one graph being the initial conversion rate R0, CaO 
dispersion DCaO and graphitization defined as La La,0−1. In regime 1, the 
initial conversion rate and CaO dispersion decrease linearly with in-
creasing pyrolysis temperature. Graphitization increases linearly with 
increasing pyrolysis temperature up to 1600 °C. However, the initial 
conversion rate R0 of the char pyrolyzed at 1600 °C increases sig-
nificantly despite showing the highest degree of graphitization. A 
strong correlation between initial conversion rate R0 and CaO disper-
sion DCaO is visible. DCaO increases significantly for P1600C_200ms 
presumably due to the formation of a thin ash layer catalyzing the 
gasification reaction with CO2. 
Fig. 14. Average sizes of ash nanoparticles as a function of pyrolysis tem-
perature. 
Fig. 15. The ratio of initial conversion rate R0 and CaO dispersion DCaO as a 
function of graphitization degree defined as La La,0−1. 
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In summary, secondary pyrolysis conditions have an influence on 
both graphitization of the carbon matrix and ash morphology which in 
turn affect the initial conversion rate R0 during gasification with CO2. 
Further research should investigate the formation of the observed cat-
alyzing thin ash layer at high pyrolysis temperatures and its influence 
on the heterogeneous gasification reactions with CO2 and H2O. 
6. Glossary    
Symbol Description Unit  
A Specific surface area m2 g-1 
Ba FWHM of the (1 0 0)-Peak cm-1 
Bc FWHM of the (0 0 2)-Peak cm-1 
D Dispersion mol g-1 
d Distance between two lattice planes m 
dNP
Average particle size m 
dX
dt
Conversion rate s-1 
ID Maximum intensity of the D-Peak a.u. 
IG Maximum intensity of the G-Peak a.u. 
IV Maximum intensity of the Valley-Peak a.u. 
Ka Structural constant for Scherrer equation - 
Kc Structural constant for Scherrer equation - 
lH1-3 Length of the oven heating zones 1-3 m 
La Radial expansion of graphene layers m 
La,0 Radial expansion of graphene layers of the primary char m 
Lc Stacking height of graphene layers m 
m Mass g 
MCO2 Molar mass of CO2 g mol
-1 
n Integer multiple - 
nCO2 Chemisorbed molar amount of CO2 mol 
R0 Initial conversion rate s-1 
Rm Specific conversion rate s-1 
RX Conversion rate s-1 
t Time s 
T Temperature °C 
U Accelerating voltage V 
X Conversion - 
λ Wave length m 
θa Position of the (100)-Peak ° 
θc Position of the (002)-Peak °    
Subscripts Description  
CO2 Carbon dioxide 
surface-CaO Superficial calcium oxide 
Chem Chemisorbed amount 
Hü Hüttig 
melt Melting point 
MSA Micropore surface area 
Pyr Pyrolysis 
Stab Stabilizing segment 
Ta Tamman    
Abbreviations Description  
DR Dubinin-Radushkevich 
EDX Energy-dispersive X-ray spectroscopy 
EFG Entrained-flow gasification 
Eq. Equation 
Fig. Figure 
FWHM Full-width at half maximum 
HTSI Heat treatment severity index 
IAM-AWP Institute for Applied Materials - Applied Materials Physics 
ICP-OES Inductively coupled plasma optical emission spectrometry 
KIT Karlsruhe Institute of Technology 
LEM Laboratory for Electron Microscopy 
pTGA Pressurized Thermogravimetric Analyzer 
SEM Scanning electron microscopy 
TEM Transmission electron microscopy 
TPR Temperature-programmed reaction 
wt. Weight 
XRD X-ray diffractometry  
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